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ABSTRACT 

With  the  growing  interest  in  ceramic  matrix  composites  for  multiple  applications,  the 
response  of  the  material  to  service  conditions  needs  to  be  understood.  A  range  of  durability 
assessment  was  undertaken  on  Melt  Infiltrated  (MI)  SiC/SiC  Ceramic  Matrix  Composite.  MI 
SiC/SiC  was  tested  under  30  Hz  fatigue,  1  Hz  fatigue,  dwell  fatigue  (2  hour  hold  cycle)  and 
creep  loading.  The  applied  stresses  ranged  from  the  micro-cracking  initiation  point  to  well 
above  the  saturation  stress  of  the  material.  Test  temperatures  included  room,  815°C  and 
1204°C.  The  effects  of  fatigue  loading  frequency  and  dwell  (hold)  time  on  the  durability  of  the 
composite  are  discussed. 


INTRODUCTION 

For  any  material  to  be  considered  for  insertion  into  real  applications,  the  material  needs  to  be 
fully  characterized.  This  is  especially  true  for  Ceramic  Matrix  Composites  (CMC)  that  are  being 
considered  for  applications  in  the  extreme  environments  of  gas  turbine  engines.  The  full  extent 
of  the  material  performance  throughout  a  range  of  temperatures  and  durability  should  be 
explored.  This  has  been  shown  by  the  authors  by  looking  at  long  term  “creep”  type  testing  and 
residual  properties  and  fatigue  testing  [1-4].  This  is  usually  considered  to  be  important  for  long 
tenn  applications  such  as  industrial  gas  turbines  [5-6].  This  work  expands  the  past  assessment  of 
this  material  where  durability  and  the  time  the  material  spent  at  temperature  was  the  focus  of  the 
investigation  [4]. 

The  MI  SiC/SiC  system  was  chosen  as  the  material  for  this  effort  based  on  the  past  work  of 
the  authors  as  well  as  the  vast  data  that  exists  on  the  material  system  [7-8].  This  material  was 
developed  during  the  Enabling  Propulsion  Materials  Program  led  by  NASA-Glenn  Research 
Center. 
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PROCEDURE 

Material  Description 

The  Melt  Infiltrated  SiC/SiC  CMC  system  chosen  for  this  study  was  initially  developed 
under  the  Enabling  Propulsion  Materials  Program  (EPM)  and  is  still  under  further  refinement  at 
NASA-Glenn  Research  Center  (GRC)  [7-8].  The  material  description  and  microstructure  has 
been  documented  earlier  by  the  authors  [1-4]. 

Mechanical  and  Durability  Testing 

Testing  for  this  effort  ranged  from  standard  tensile  testing  per  ASTM  C1275  (room 
temperature)  and  ASTM  Cl 349  (elevated  temperature)  to  durability  testing.  The  creep  and  dwell 
fatigue  testing  was  performed  per  ASTM  Cl 337.  The  dwell  fatigue  testing  conditions  included  2 
hour  hold  period  followed  by  unloading  of  the  sample  to  a  load  ratio  (R)  of  0.05.  The  fatigue 
testing  was  done  per  ASTM  C1360  under  load  controlled  conditions  at  1  Hz  or  30  Hz  using  a 
sine  wave  with  R  of  0.05,  0.5  and  0.8.  During  the  creep  testing,  either  total  strain  or  creep  strain 
was  recorded.  During  the  dwell  fatigue  and  fatigue  testing,  total  strain  was  recorded. 

RESULTS 

Tensile  Tests 

The  tensile  behavior  of  MI  SiC/SiC  has  been  reported  previously  [1,4].  The  results  are 
summarized  in  Figure  1  showing  the  initiation  of  micro-cracking  stress,  proportional  limit  and 
crack  saturation  stress  [4].  As  can  be  seen  in  Figure  1,  the  micro-cracking,  proportional  limit  and 
crack  saturation  stress  are  not  sensitive  to  temperature.  In  contrast,  the  ultimate  tensile  strength 
does  decrease  for  the  testing  done  at  1204°C. 

Creep/Dwell  Fatigue  Testing 

Creep  and  dwell  fatigue  testing  (2  hour  hold,  R  =  0.05)  were  perfonned  over  a  range  of 
times,  temperature  and  stresses.  For  the  testing  done,  there  were  a  varying  range  of  run-out 
times  set  for  the  testing.  When  the  time  for  the  testing  was  complete,  the  test  was  stopped  and 
the  sample  removed.  The  results  of  this  testing  is  summarized  in  Figure  2.  For  this  series  of 
testing,  the  only  failures  observed  were  for  the  creep  tests  performed  at  1204°C.  These  failures 
corresponded  to  either  a  high  stress  level  or  long  test  duration. 

Fatigue  Testing  -  1  Hz  and  30  Hz 

In  addition  to  the  above  work,  a  series  of  1  Hz  and  30  Hz  fatigue  tests  were  done  at  1204°C  at 
R  of  0.05.  The  results  of  this  testing  are  shown  in  Figure  3.  The  run-out  (or  discontinued) 
condition  for  the  1  Hz  testing  was  set  at  400,000  cycles  while  the  30  Hz  testing  run-out  was 
achieved  at  a  value  greater  than  40,000,000  cycles.  The  effect  of  R  on  fatigue  behavior  at  30  Hz 
and  at  1204°C  is  shown  in  Figure  4. 
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Temperature  (°C) 

Figure  1.  Key  Stress  Points  from  Stress-Strain  Curves  for  MI  SiC/SiC  versus  Temperature 


Exposure  Time  (hrs) 


Figure  2.  Summary  of  Creep  and  Dwell  Fatigue  Testing  at  1204°C 
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Figure  3.  Summary  of  Fatigue  Testing  at  1204°C  (R  =  0.05) 
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Figure  4.  Summary  of  Fatigue  Testing  at  1204°C  with  Differing  Load  Ratios  (R). 
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Residual  Tensile  Tests 

From  the  series  of  creep  and  dwell  fatigue  (2  hour  hold)  testing,  there  were  multiple  samples 
where  the  testing  was  stopped  at  several  different  exposure  temperatures  and  times.  From  these 
samples,  a  series  of  residual  tensile  tests  were  conducted.  Since  the  evolved  strain  was  recorded 
during  testing  as  well  as  the  strain  from  the  residual  tensile  test  was  known,  the  data  was  plotted 
as  the  evolved  strain  during  exposure  versus  the  retained  strain  seen  in  the  tensile  test.  This  is 
shown  in  Figure  5.  This  work  has  been  presented  elsewhere  by  the  authors  [9].  The  data  falls 
near  a  constant  0.5%  strain  line  as  shown  in  Figure  5.  Past  published  work  by  the  authors  has 
shown  that  the  as-received  strain  capability  is  0.5%  (tensile)  and  failed  creep  tests  achieve  near 
0.5%  strain  [9],  Figure  5  shows  that  the  total  strain  accumulated  either  by  creep,  tensile  or 
combination  of  both  tests  sums  to  0.5%  giving  guidance  on  how  to  use  the  material. 


As  noted  above,  a  wide  range  of  durability  testing  was  performed  across  a  variety  of  tests. 
This  raises  the  question  about  which  is  the  best  way  to  compare  the  data.  Some  researchers 
looked  at  the  cycles  to  failure  when  looking  at  frequency  effects  [10,11],  Other  researches 
looked  at  the  loading  rate  between  tests  [12].  Since  the  range  of  frequencies  tested  only  varied 
by  an  order  of  magnitude,  it  was  decided  to  look  at  time  to  failure  for  comparison  and  not  cycles 
to  failure.  This  type  of  analysis  excludes  samples  that  were  discontinued  early  in  the  analysis  as 
there  is  no  way  to  project  where  they  would  fail  in  a  direct  comparison.  This  is  done  for  all  the 
creep  and  fatigue  tests  (dwell  fatigue,  1  Hz  and  30  Hz)  where  R  was  0.05  as  shown  in  Figure  6. 
Note  that  there  were  no  dwell  fatigue  failures  in  this  testing  series.  Figure  6  also  includes  the 
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key  points  from  the  stress-strain  curve  showing  that  most  of  the  testing  was  done  between  the 
proportional  limit  and  the  saturation  stress  for  the  tests  run  at  1204°C. 


Time  (hours) 


Figure  6.  Failed  Creep  and  Fatigue  Data  Points  (1204°C) 

A  quick  review  of  Figure  6  can  lead  to  the  conclusion  that  the  failure  is  dependent  on  the 
time  at  temperature  [4],  This  is  easily  the  case  when  looking  at  creep  tests  closer  to  the  micro¬ 
cracking  stress  (long  term)  and  saturation  stress  (short  term).  With  the  current  work  on  R  of  0.5 
and  0.8,  this  conclusion  can  be  challenged.  This  can  be  seen  in  Figure  4  where  the  30  Hz  data 
points  are  plotted  with  differing  R  ratios.  As  the  R  ratio  is  increased  (meaning  less  cycling 
between  stress  levels),  longer  lifetimes  are  achieved.  For  the  220.8  MPa  stress  level 
experiments,  there  were  no  failures  for  the  R  =  0.8  tests  (as  shown  in  Figure  4).  As  R  is  being 
increased,  the  test  is  becoming  more  and  more  like  a  hold  test  (creep  or  dwell  fatigue  (2  hour 
hold)). 

With  the  limited  30  Hz  testing  that  was  done  with  different  R  ratios  and  no  R  ratio  testing 
done  at  1  Hz,  it  would  appear  that  analysis  would  be  limited  and  no  additional  insight  could  be 
achieved.  As  an  alternative,  residual  tensile  testing  done  on  these  samples  can  be  used.  While 
the  curve  in  Figure  5  shows  that  the  overall  breadth  of  the  data  falls  on  an  almost  constant  strain 
line,  the  data  does  segregate  when  comparing  the  dwell  fatigue  (2  hour  hold)  versus  the  creep 
data.  As  can  be  seen  in  Figure  7,  the  dwell  fatigue  data  is  mostly  below  the  constant  strain  line 
while  the  creep  data  falls  above.  This  is  reinforced  when  looking  at  a  curve  fit  of  the  data  (See 
Figure  8)  where  the  creep  data  has  the  appearance  of  a  constant  line  parallel  to  the  previous  lines 
shown  in  Figures  5  and  7.  The  dwell  fatigue  (2  hour  hold)  data  has  a  much  lower  slope  and 
appears  to  be  greatly  affected  by  the  load  un-load  during  the  test. 
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Total  Strain  Evolved  During  Test  (mm/mm) 

Figure  7.  1204°C  Creep  and  Dwell  Fatigue  Data  from  Figure  5 


The  results  shown  in  Figures  7  and  8  shows  that  periodic  load  un-load  cycles  degrades  the 
material  performance,  as  indicated  by  the  reduction  in  failure  strain  of  the  dwell  fatigue 
specimens  compared  against  the  creep  samples  (with  no  unloading  occurring).  This  is  consistent 
with  the  30  Hz  data  shown  in  Figure  4  where  having  a  higher  R  is  not  as  detrimental  as  the  lower 
R  on  the  material  perfonnance.  The  higher  R  ratio  results  in  less  stress  cycling  meaning  that  the 
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cracks  formed  during  the  test  are  not  being  opened  to  as  great  of  an  extent  in  the  low  R  ratio 
baseline  tests.  This  allows  any  oxide  formed  in  the  crack  to  remain  allowing  some  protection. 
This  is  then  consistent  with  the  R  ratio  of  0.8  tests  that  did  not  fail  during  the  test. 

This  study  has  shown  that  there  is  a  load  ratio  (R)  effect  on  the  fatigue  behavior  and  no  clear 
evidence  of  a  frequency  effect  in  MI  SiC/SiC  composites.  We  suggest  that  this  work  be  followed 
with  additional  testing  looking  further  into  possible  frequency  effects  in  greater  detail  for  this 
class  of  material. 
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